Abstract-This paper investigates the effects of high dose rate ionizing radiation and total ionizing dose (TID) on tantalum oxide (TaO ) memristors. Transient data were obtained during the pulsed exposures for dose rates ranging from approximately rad(Si)/s to rad(Si)/s and for pulse widths ranging from 50 ns to s. The cumulative dose in these tests did not appear to impact the observed dose rate response. Static dose rate upset tests were also performed at a dose rate of rad(Si)/s. This is the first dose rate study on any type of memristive memory technology. In addition to assessing the tolerance of TaO memristors to high dose rate ionizing radiation, we also evaluated their susceptibility to TID. The data indicate that it is possible for the devices to switch from a high resistance off-state to a low resistance on-state in both dose rate and TID environments. The observed radiation-induced switching is dependent on the irradiation conditions and bias configuration. Furthermore, the dose rate or ionizing dose level at which a device switches resistance states varies from device to device; the enhanced susceptibility observed in some devices is still under investigation. Numerical simulations are used to qualitatively capture the observed transient radiation response and provide insight into the physics of the induced current/voltages. Index Terms-Dose rate, memristors, pulsed ionizing radiation, tantalum oxide ( TaO ) , total ionizing dose (TID), transient radiation effects.
I. INTRODUCTION

S
PACE and strategic systems often rely on commercial nonvolatile memory (NVM) technologies to store mission critical information. The problem, however, is that most of the available NVMs are susceptible to upset or degradation in harsh radiation environments and/or do not meet the normal operating requirements [1] , [2] . Therefore, designers are continually searching for NVM technologies that can be used in radiation-hardened (rad-hard) applications.
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In recent years there has been a significant thrust within the semiconductor community to develop a universal or storage class memory (SCM) technology that can meet high performance memory needs [3] - [7] . Several of the emerging SCM technologies that have been identified by the International Technology Roadmap for Semiconductors (ITRS) as possible flash replacements are resistive random access memory (ReRAM), ferroelectric RAM (FeRAM), phase-change memory (PCM/PCRAM), and spin transfer torque magnetic RAM (STT-MRAM) [8] , [9] . ReRAM (also known as redox or memristive memory) is one of the more promising SCM technologies because of excellent scalability, high endurance, high switching speed, and low voltage operation [3] , [8] - [14] . Another benefit of ReRAM technologies is that most of the storage elements can be easily integrated into a back-end-of-the-line (BEOL) CMOS process which eliminates the need for an off-chip interface [5] , [11] - [13] , [15] . This is a key benefit for radiation applications because designers would be able to integrate the memory elements into a radiation-tolerant CMOS process, thus eliminating possible radiation issues in the surrounding circuitry (e.g., access transistors). Indeed, many of the commercially available NVMs are fabricated using radiation-sensitive CMOS technologies. Furthermore, because of low write voltage requirements, ReRAMs do not require charge pump circuits. This is beneficial because charge pump circuits can be radiation sensitive [2] .
The storage element within a ReRAM is a two terminal metalinsulator-metal structure commonly referred to as a memristor or memory resistor. A schematic cross-section of the possible location of a memristor within the metallization layers of a silicon on insulator (SOI) technology is provided in Fig. 1 . Memristors are characterized by a low resistance on-state and a high resistance off-state that is dependent on the electrical bias and bias history. Memristive devices have been fabricated with a variety of different switching materials as described in [11] , [12] , [15] - [17] .
One way to categorize memristive devices is by the switching material (i.e., anion or cation devices) [11] . Examples of the switching materials used in anion-based devices are the transition metal oxides tantalum oxide (TaO ), titanium dioxide ( ), and hafnium oxide ( ) [11] , [12] . Cation-based devices typically use electrolytes, including germanium selenides and sulfides (i.e., chalcogenides), and have an electrochemically active electrode [11] , [15] - [17] . For a comprehensive description of the physics and operation of the different types of memristive devices refer to [11] - [13] , [15] - [17] . The focus of this paper is on TaO memristors where the subscript x denotes that the material is substoichiometric tantalum pentoxide (Ta O ).
Given the potential use of TaO memristors, or any other memristive technology in rad-hard electronics, it is imperative that we understand the radiation susceptibility of these devices. Several studies have investigated the impact of total ionizing dose (TID) and heavy ions on the electrical characteristics of TaO memristors [19] - [24] . However, the devices were floating in most of the previous experiments. In this paper, the effects of high dose rate (HDR) ionizing radiation and total ionizing dose (TID) on TaO memristors are investigated with the terminals floating, grounded, or biased during irradiation. This is the first dose rate study on any type of memristive memory technology. In addition to the experimental work, numerical simulations are used to qualitatively capture the observed transient radiation response and provide insight into the physics of the induced current/voltages.
II. EXPERIMENTAL DETAILS
Two different types of vertical TaO structures were investigated. One of the structures consisted of a 10 nm thick TaO layer, 15 nm Ta layer, and top and bottom titanium nitride (TiN) electrodes 60 nm and 20 nm thick, respectively (upper crosssection in Fig. 2(a) ). The memristive bit stack was fabricated on top of a tungsten (W) via (900 nm)/titanium nitride (TiN) metal alloy (900 nm)/thermal oxide/Si substrate stack. The stoichiometry of the TaO layer was verified on similar samples with X-ray photoelectron spectroscopy (XPS) [25] . Details about the fabrication process and deposition techniques (e.g., tools, etc.) can be found for similar devices in [25] , [26] . These memristors were approximately nm nm and were fabricated at Sandia National Laboratories (SNL).
The other vertical memristor structure consisted of four layers on top of a Ti (5 nm)/thermal oxide (180 nm)/Si substrate stack. The TaO memristive layer thickness was 10 nm, the Ta layer was 50 nm thick, and the top and bottom platinum (Pt) electrodes were 10 nm and 30 nm thick, respectively (lower crosssection in Fig. 2(a) ). The Pt electrodes were electron beam evaporated with a shadow mask technique that resulted in isolated top and bottom electrodes patterned into "dog-bone" structures (i.e., two contact pads per electrode). When the vertical and horizontal "dog-bone" electrodes intersect, a functional memristor is formed with a width and length between m and m. The nominal cross-sectional area of the devices tested here was m m. These memristors are similar to the devices described in [20] , [21] , [24] .
When conducting hysteresis sweeps on the devices examined in this paper, a positive current was forced to set the devices into a low resistance on-state and a negative voltage was applied to reset the devices into a high resistance off-state. A positive voltage can also be used to set the devices. In all cases, the bias (or current) was applied to the top electrode (anode) and the bottom electrode (cathode) was grounded. Shown in Fig. 2(b) are multiple hysteretic I-V loops for one of the SNL-fabricated TaO memristors before irradiation. For this device, the current was swept in the positive direction up to 1 mA and then back to 0 A. Immediately following that, the voltage was swept in the negative direction down to V and then back to 0 V. The arrows in the figure indicate the direction of the sweep and the labels specify the state of the memristor (i.e., high resistance off-state or low resistance on-state). The moderate variation between consecutive hysteresis sweeps is typical of these research devices. The dashed box denotes the "read" window. Typically, a lower "read" voltage is applied to the device to measure the resistance level. A read operation does not change the resistance state of the device. These I-V characteristics are similar to the other devices tested and what is published in literature. It should be noted that all of the devices required an initial electroforming cycle to form a low resistance channel. Once the channel was formed, the devices could be reset into the high resistance off-state and subsequently set to a low resistance on-state.
As mentioned previously, we investigated both dose rate and TID effects on the memristive devices. The dose rate experiments included static tests using a Scandiflash Flash X-ray source and active tests using a linear accelerator (LINAC). The Scandiflash has a 35 ns X-ray dose output for dose rates up to rad(Si)/s. The nominal endpoint energy of the X-rays is 600 keV. The electron output is converted to X-ray radiation through the deceleration of the charged electrons in a Ta converter (process known as bremsstrahlung). A combination of active and passive dosimetry was used to determine the dose rate/dose. This included calcium fluoride ( ) thermoluminescent detectors (TLDs) to measure the dose and a diamond photoconductive detector (PCD) to provide a temporal profile of the radiation pulse. During the Scandiflash experiments, the terminals of the memristors were floating, shorted together and floating, or shorted together and grounded. While floating the terminals is not an ideal test condition, one possible scheme whereby the terminals would be floating is in a power gating configuration. The power gating technique would allow control logic to turn off the power to a given memristor during an inactive period, effectively floating the terminals [27] . In the majority of the experiments, the devices were switched into the high resistance off-state prior to being irradiated. The off-state is generally considered to be more susceptible to radiation based on previous experiments conducted on TMO-based memristive devices [19] - [21] , [24] , [28] - [31] . However, the devices were also tested in the low resistance on-state to ensure that there was not an unforeseen vulnerability to pulsed ionizing radiation. Four point probe electrical measurements were performed prior to and immediately following the pulsed X-ray exposures using a HP 4155C parameter analyzer.
Active dose rate experiments were conducted at the Medusa LINAC for dose rates ranging from rad(Si)/s to rad(Si)/s and for pulse widths ranging from 50 ns to s. By varying the pulse width for a given dose rate, we were able to also examine the effects of dose on the devices. It should be noted that the LINAC is an RF accelerator and thus has a 1.28 GHz microstructure with pulses that are ps in duration. It is currently believed that neither the microstructure nor the RF induced resistance changes in the memristors. The nominal electron energy for the LINAC is 20 MeV. The range of 20 MeV electrons in the devices under test (DUTs) is much greater than the total thickness of the device; hence the energy deposition in each layer is nearly uniform. TLDs, PCDs, and Si calorimeters were used to determine the dose and dose rate at the facility. During the LINAC exposures, the top electrode (anode) was biased with a nominal voltage within the "read" window (e.g., mV) and the bottom electrode (cathode) was connected to the input of an oscilloscope. The bias condition ensured that the applied voltage did not affect the resistance state of the device. The transient signals provided in this paper are the measured voltage drops across the terminators. Similar to the Scandiflash experiments, the devices were typically switched into the high resistance off-state prior to being irradiated. Following multiple exposures on a device or an observed radiation-induced switching event, read and full set/reset sweeps were performed using a parameter analyzer.
In addition to examining dose and dose rate effects at the LINAC, TID experiments were also conducted using a cobalt-60 ( ) decay photon source that emits two distinct gamma ( ) rays at energies of 1.1732 MeV and 1.3325 MeV. These experiments were performed at a dose rate of approximately 650 rad( ). At energies, Dose(Si) = Dose . All devices were placed in a mil-standard lead-aluminum box during irradiation. The temperature was monitored with a thermocouple and controlled with a Vortec cooler to ensure that the temperature did not vary significantly during the experiment. The TID levels listed in this paper have been converted to rad(Si) instead of rad(TLD) or rad(material) to align with the dose rate/dose values obtained at the LINAC and Scandiflash. That being said, 1-D radiation transport calculations using the ADEPT code package developed at Sandia National Labs [32] indicate that the amount of energy deposited (units of MeV cm g) in the memristive layer is approximately (energy deposited in TLD). During the exposures, all terminals were grounded or the top electrode was biased with a 1 Hz square wave with an amplitude of mV and the bottom electrode was grounded.
All of the memristors were screened prior to the experiments to ensure proper functionality. For a more complete description of the screening/sweeping procedures refer to [20] , [21] , [24] . A summary of the number of devices and the type of device tested at each facility is provided in Table I . The devices tested at the LINAC were from the same wafer and lot, but from several different die.
III. EXPERIMENTAL RESULTS
A. Linear Accelerator (LINAC)
The purpose of the LINAC experiments was to investigate the effects of dose rate and dose on two terminal TaO memristors. During the pulsed electron irradiations, concurrent scope measurements captured radiation-induced transients and shifts in the voltage across the device as a function of time. It should be noted that the RF window of the LINAC was s in this test series and can be seen in the transient data. RF shots were taken to ensure that the RF output did not affect the resistance state of the devices. Shown in Fig. 3(a) and Fig. 3(b) are representative plots of the transient data for multiple devices on the same chip at two different dose rates and pulse widths. The data in Fig. 3(a) were obtained for a dose rate of rad(Si)/s, a radiation pulse width of s, and a bias of mV on the top electrode. The PCD signal has been normalized to show when the radiation pulse occurs. Indeed, the memristor response follows the radiation pulse shape and begins to recover after the pulsed exposure. Because the measurement window is only shown to s, the memristor does not fully recover in the plot because of the RF output of the LINAC. Note that the resistance (and current) values of the device can be calculated before and after radiation using Ohm's Law (i.e., the memristor forms a simple resistive divider circuit with the terminator on the scope). The data in Fig. 3(b) were obtained for a dose rate of rad(Si)/s, a radiation pulse width of 500 ns, and a bias of mV on the top electrode. As shown in the plot, DUT8 (same DUT as in Fig. 3(a) ) switched states. Before the radiation exposure, DUT8 was in a high resistance off-state ( k ). After the radiation exposure, the device was in a low resistance on-state ( ). The other eight devices (not all shown in Fig. 3 . Transient response of (a) DUT8 at a dose rate of rad(Si)/s and a pulse width of s, and (b) several DUTs at a dose rate of rad(Si)/s and a pulse width of 500 ns. The PCD signal has been normalized to show when the radiation pulse occurs in (a). The anode of each device was biased at mV during the exposures. The resistance versus time plot shown in (c) is for the same shot/devices in (b). The resistances were calculated from data obtained on a scope with higher voltage resolution.
the figure) on this chip had a much smaller transient response and returned to their original pre-exposure levels. As would be expected, the device with the largest transient response (i.e., DUT8) was more susceptible to the high dose rate ionizing radiation. Despite the radiation-induced resistance change, this device could be reset into a high resistance off-state and was still fully functional following the radiation exposures. Provided in Fig. 3(c) is a plot of the resistance versus time for the same shot/devices shown in Fig. 3(b) . These resistances were calculated from data obtained on a scope with a higher voltage resolution. This was accomplished by splitting the signal to two scopes. Notice that the resistance level of both DUT3 and DUT9 changed after the radiation exposure; however, neither device changed states similar to DUT8. The enhanced susceptibility observed in some devices is still under investigation.
Similar results were obtained for the other devices tested and when the anode bias during irradiation was mV. More specifically, radiation-induced switching and resistance changes were observed in some of the devices for pulse widths ranging from 50 ns to s at a nominal dose rate of rad(Si)/s. However, at dose rates below the rad(Si)/s level, the devices did not switch states and there were only minimal resistance changes. The data also suggest that the cumulative dose does not impact the response. Therefore, the devices typically were not reset after each exposure unless there was a radiation-induced switching event. These observations do not, however, rule out the possibility that there is a synergistic effect between dose and dose rate which will be discussed in the Total Ionizing Dose subsection. When the devices were set into the on-state prior to a high dose rate exposure, there was not a significant variation in the resistance post-irradiation (i.e., the devices were still in the on-state). Fig. 4(a) and Fig. 4(b) are representative plots of four point probe read measurement data for two devices tested with the Scandiflash source. In these experiments, the devices were reset into the off-state and the dose rate was held constant at rad(Si)/s. The read measurements were performed after a single X-ray pulse, after four consecutive X-ray pulses, and after five consecutive X-ray pulses using a HP 4155C parameter analyzer. If it was determined that there was a radiation-induced resistance change in the post-irradiation read measurements, the device was reset back into the original state. Note that in a read measurement, the voltage is swept over a finite range within the "read" window to ensure that the measurement does not change the state of the device. During irradiation, the terminals of the memristors were grounded (Fig. 4(a) ), floating (Fig. 4(b) ), or shorted together and left floating (not shown).
B. Scandiflash Flash X-ray
Shown in
The data in the plots suggest that the test condition influenced the radiation response. In particular, when the devices were floating during irradiation, two of the four devices changed from a high resistance off-state to a low resistance on-state. However, when the devices were grounded or shorted together and left floating, a resistance change was not observed in any of the memristors. These results suggest that a power gating configuration is not the best option if using TaO memristors in dose rate environments. It is speculated that floating the terminals might be worst-case because of the lack of a discharge path. Similar to the LINAC results, there was variation in the dose rate response and all devices remained functional following the pulsed X-ray exposures.
C. Total Ionizing Dose (TID)
The TID response of TaO memristors was evaluated using the LINAC and a decay photon source. Recall The dose rate was rad(Si)/s. Read measurements were performed after a single X-ray pulse, after four consecutive X-ray pulses, and after five consecutive X-ray pulses.
the -ray experiments were conducted on the dog-bone devices and the SNL devices were tested at the LINAC (refer to Fig. 2(a) ). The primary purpose of these experiments was to determine if the dose received during the dose rate experiments was impacting the observed response.
A plot of the pre-and post-exposure resistance for a single device tested at the LINAC is provided in Fig. 5 . The resistances were calculated with transient data at nominal dose rate levels of rad(Si)/s and rad(Si)/s and pulse widths between 50 ns and s. As the data indicate, switching was observed at rad(Si)/s but not at rad(Si)/s. Similar results were obtained for the other DUTs at or below rad(Si)/s. At the highest dose rate level, the response varied from device to device. It is interesting to note from the plot in Fig. 5 that at higher dose levels, but lower dose rates, the DUT did not switch states or have a significant resistance change. However, at lower dose levels, but higher dose rates, the DUT switched states. This suggests that the dose rate (i.e., rate of energy deposition) is the cause of the resistance changes and not the dose. When the DUT was kept in the low resistance on-state during the radiation exposures, there was not a large change in the resistance as shown in the last two higher dose rate data points in Fig. 5 . Fig. 5 . Plot of the pre-and post-exposure resistance versus dose for different dose rates. The data were obtained at the LINAC. In the last two exposures at the higher dose rate, the device was kept in the low resistance on-state. Fig. 6 . Plot of the resistance versus accumulated dose for three different biases (i.e., grounded and mV). The on-state resistance before irradiation was . The device was reset after each observed radiation-induced state change.
The resistances of a single device tested during grounded and biased -ray experiments are plotted as a function of accumulated dose in Fig. 6 . The step-stress exposures were completed consecutively. The resistance values were determined at a voltage of mV. As indicated by the data, the DUT had a radiation-induced resistance change when the step stress was 1 Mrad(Si). For lower step stress levels, the DUT did not change states. Furthermore, neither the bias nor the polarity of the bias appears to impact the radiation response. The DUT could be reset into a high resistance off-state and was still fully functional following the exposures.
The data obtained from the TID experiments indicate that it is possible for the devices to switch from a high resistance off-state to a low resistance on-state after a TID step stress threshold has been surpassed. If a read measurement is performed prior to reaching the charge threshold, the devices 'reset' back to a pre-irradiation state. This suggests that the devices do not have a cumulative TID effect. It is also apparent that this device is minimally affected by step stress TID levels less than 1 Mrad. This further confirms that the observed switching in the dose rate experiments was due to the dose rate and not the TID level. Fig. 7 . Illustration of the buildup and dissociation of oxygen vacancies (white circles) within the TaO layer. The voltage labels (i.e., and ) represent the externally applied bias on the anode (after [33] ).
IV. DISCUSSION
A. Radiation-induced Switching
The switching mechanism in TaO memristors involves redox (i.e., reduction and oxidation) reactions and the migration of oxygen anions (O ) and oxygen vacancies [11] , [13] , [33] . The disassociation and transport of oxygen anions is believed to be due to electric and thermal fields [11] . These processes lead to the formation of a Ta-rich conducting filament of a certain radius [13] , [33] , [34] . A cross-sectional schematic of the formation (i.e., low resistance on-state) and dissociation of the filament (i.e., high resistance off-state) is shown in Fig. 7 . The voltage labels (i.e., and ) represent the externally applied bias on the anode, and the black arrows indicate the direction of the electric field due to the bias.
From this illustration one can see how radiation-induced carriers in the memristive layer could create local fields/currents that would affect the operation of the device. More specifically, if radiation-induced carriers build up near the contacts, the internally generated field could impede the movement of the oxygen vacancies and the anions. If the polarization effect is large enough to create a field reversal, the device could switch resistance states. The transport of the radiation-induced carriers could also produce a transient current that is comparable to the current forced to set the devices into a low-resistance on-state. This could result in a state change as well.
The increased susceptibility when floating the electrodes during a dose rate exposure is likely a consequence of the inability of generated charge to exit sensitive regions of the device (i.e., the TaO memristive layer). Intuitively, if the electrodes are floating and there is not a discharge path for the generated carriers, there may be an enhanced buildup of ionized carriers near the electrodes, thus creating an internal field. If the internal field is comparable to the voltage required to set the device to a low resistance on-state, the device will change resistance states. Eventually the carriers will recombine, but because of the non-volatile properties of the memristive layer, the device will stay in the low resistance on-state once the device has switched states. When the terminals of the device are grounded, there is a discharge path for the generated carriers.
It is currently unknown what factors contributed to the increased vulnerability in certain devices. However, we speculate that the electroforming step stresses one device more than another. This could lead to a variation in the density of oxygen anions and vacancies, impact the formation, location, and number of filaments, and affect the overall integrity and reliability of the memristive layer. These differences would almost certainly be exacerbated by the addition of radiation-induced carriers. Another possibility is non-uniformity in the thickness of the memristive layer which is currently being investigated.
B. Numerical Simulations
The physics of electrical transients produced by high energy electron beam exposures in insulating materials can be described by the kinetic equations for electrons and holes. Assuming that recombination centers (i.e., trap sites) are present, the continuity equations for electrons and holes can be written as [35] ( 1) and (2) where and are the electron and hole concentrations, is the time, and are the electron and hole generation rates, and are the net flux of mobile charges multiplied by the carrier charge, and and are the electron and hole recombination rates. The current densities are the sum of the drift and diffusion current components. Specific traps for electrons and holes are assumed to exist in the TaO films. Because the mobility of holes is expected to be substantially smaller than that of electrons in TaO , the current produced by the holes is negligible and the motion of electrons is the primary contributor to the radiation-induced signal. Likewise, the movement of oxygen vacancies is assumed to have minimal impact on the induced current.
The contributions of defects and tunneling to the electrical response have been captured with simple approximations in these calculations. One such approximation is that oxygen vacancies tend to act as deep donors in TaO . In that role, the oxygen vacancies can control the band-bending near the oxide-metal interfaces. The presence of band-bending, leading to the formation of Schottky barriers, allows carriers to tunnel from the contacts to the conduction band of the oxide and also to the oxygen vacancies. In these calculations, only the tunneling to the vacancies is included and the metal contacts are approximated as heavily doped semiconductors.
The vacancies are assumed to have either a neutral ( ) or a positive ( ) charge state. The reactions with free electrons are (3) Using the reaction in (3), the recombination and generation terms in the current continuity equation for electrons can be rewritten as (4) and (5) where the forward ( ) and reverse ( ) rates are written in terms of conventional Shockley-Read-Hall (SRH) parameters. The contributions from tunneling have a similar form but with rates that are reduced by a tunneling probability factor where is the tunneling factor and is the tunneling distance between free electrons in the metal and the vacancies. For these calculations, the starting vacancy concentration was set to cm , the Schottky barrier height for electrons was 1.4 eV, and the diffusion constants for electrons and holes were 1 and cm /s, respectively. The forward rate was set to cm s, and the reverse rate was obtained from the SRH expression together with the oxygen vacancy binding energy for electrons (0.2 eV) and the electron mass ( ). A description of the numerical simulation tool used to perform the calculations can be found in [36] .
The calculations lead to a dark current that flows as a consequence of tunneling at the contacts (refer to Fig. 8 ). Tunneling current through the contacts is made possible by the pronounced band-bending caused by the ionized vacancies. The ionizing radiation, which creates electrons and holes in the oxide, produces an additional transient current during the radiation pulse. However, the simulated current is much smaller than what was observed experimentally because the oxide collection volume is small. To produce currents comparable with the data, a dose rate of rad(Si)/s had to be used for the calculations shown in Fig. 8 . At this time, we speculate that the large discrepancy may be caused by the stimulation of a transient on-state caused by the radiation. One possible mechanism is the effect of carrier heating in the oxide layer. This heating, mostly caused by the band-bending, leads to an increased flow of electron current through the contacts. Preliminary calculations support this hypothesis.
V. CONCLUSION
In this paper, the effects of high dose rate ionizing radiation and TID on TaO -based memristors were investigated. The experiments were performed using a Scandiflash Flash X-ray source, a LINAC in electron beam mode, and a decay photon source. The pulsed dose rate experiments were the first dose rate studies performed on any type of memristive memory technology. The data indicate that at higher dose rates and TID levels, it is possible for the devices to switch from a high resistance off-state to a low resistance on-state. Despite the radiation-induced resistance changes observed in some of the devices, all devices were still functional following the dose rate and TID exposures. From the LINAC dose rate data, it was also determined that the dose rate (i.e., rate of energy deposition) was the cause of the resistance changes and not the dose. This is a significant finding. The data also revealed that the dose rate at which a device switches resistance states varies from device to device; the enhanced susceptibility observed in some devices is still under investigation. In addition to that, it was found that the experimental conditions impacted the radiation response. More specifically, when the terminals of the memristor were left floating during irradiation, it appeared that the devices were more susceptible and changed resistance states at much lower dose rates.
Several conclusions can also be made about the theoretical results. One, the simplest model of photoconductivity does not allow any current flow because the barriers at the contacts limit the thermionic current to very low values. Two, a tunneling mechanism provides an explanation for the pre-irradiation current. Three, the photocurrent during the radiation pulse is much smaller than the dark current. This fact illustrates the need for a more sophisticated theory.
The results discussed in this paper could aid in the understanding of the deleterious effects that occur in these devices when used in an ionizing radiation environment. Overall, the memristor performance was promising and could enable the discovery of a radiation-hardened non-volatile memory technology despite the observed switching in several devices following a high dose rate or TID exposure.
